Throughout the world, there are 38 recognized species of birch, 16 of which are native to North America [1] . Betula papyrifera Marsh. (paper birch) is distributed across North America (north US and Canada) and is one of the most highly commercially managed species of birch in the United States. Betula neoalaskana Sarg. (Alaskan paper birch) is found in Alaska and extends eastward into western Ontario, Canada [2] . Species of Betula are used for pulp and paper manufacturing, veneer production, and other forestry material manufacturing processes [3] . Currently, the birch bark of these managed resources is only used as a low value fuel source in solid wood products industries. Birch bark represents a unique, high volume and currently under-utilized source of natural products, specifically of triterpenoids and suberinic fatty acids [4] . It is well documented in the literature that the bark of different species of Betula from N. America [5] [6] [7] and Eurasia [8,9] represent rich sources of triterpenoid compounds in their extracts; to date, however, only limited analyses have been directed toward bark extracts of B. papyrifera [5] . A previous study on the birch bark extractive of B. papyrifera reported only qualitative content [5a] with the following triterpenoids: betulin, lupeol, acetyl oleanolic acid, and betulinic acid. The other work [5b] reported only the content of betulin (11.9%) and lupeol (0.6%) in outer birch bark of B. papyrifera. Triterpenoid derivatives of caffeic acid were found in extracts of the bark of European paper birch (Betula verrucosa Ehrh = Betula pendula Roth) [10] , as well as in the numerous birch species from North America [7] and Eurasia [9] , but never was reported for paper birches from North America. The quantitative content of betulinic acid or betulin 3-caffeate as possible major components of extractive has never been studied. The isolation of papyriferic acid from juvenile twigs was the only report on the chemical constituency of Alaskan paper birch [11] , and the content of outer bark extractives of Alaskan paper birch is yet to be reported. Our research and development of American birch bark processing into natural products [12] demanded a more extensive analytical study of B. papyrifera and B. neoalaskana.
In this study, we conducted a chemical investigation of CHCl 3 extracts of B. neoalaskana and B. papyrifera. The 7 known oleanane-type and lupanetype compounds [betulin (1) , lupeol (2) , betulinic acid (3), betulinic aldehyde (4), betulin 3-caffeate (5), oleanolic acid (6) , and oleanolic acid 3-acetate (7)] were quantitatively identified as major components of these extracts. In this paper we also report the in vitro screening of the extracts of B. papyrifera and B. neoalaskana, and the major components of these extracts for antiproliferative activity. In addition, we report the synthetic procedure for betulin 3-caffeate synthesis (5) from betulin (1) that makes caffeate 5 available for further research.
For chemical study, outer bark samples of B. papyrifera and B. neoalskana that had been dried, shredded, and screened from inner bark were extracted with CHCl 3 and then with i-PrOH. In some instances, the yield of CHCl 3 extractives of outer bark of B. papyrifera was as high as 25%, but an average value was 23% (Table 1 ). The yield of CHCl 3 extractives of B. neoalaskana was lower, with an average value around 21%. Extractions of birches from North America gave lower yields of extractives than those reported (33%) for outer bark of B. verrucosa [13] . Additional extraction with the polar solvent i-PrOH gave an extra 1-2% of extractive. Very small amounts of triterpenes were found in iPrOH extracts; consequently analytical studies were limited to CHCl 3 extracts.
CHCl 3 extracts of outer bark were first subjected to chemical investigation using a gas chromatography/ mass spectrometry (GC/MS) technique. Comparison of GC and MS characteristics of reference samples made possible the identification of betulin (1) [14] , lupeol (2) [15] , betulinic acid (3) [16] , betulinic aldehyde (4) [17] , oleanolic acid (6) , and oleanolic acid 3-acetate (7) [18] . The concentration of betulin in the extracts was determined by GC, using squalane as an internal standard after converting the hydroxyl groups of 1 into trimethylsilyl (TMS) ether [8b]. The calibration curve was prepared with 1 isolated from the same bark. The resulting curve was linear in the concentration interval used (r 2 = 0.999). Extracts were also treated with N,O-bis(trimethylsilyl)-trifluoroacetamide before the analysis to convert hydroxyl groups into TMS ether using a reported procedure [8b] .
TMS esters of acids 3, 6, and 7 were not stable in the solution for the duration of analysis; therefore, their concentrations in the extracts were determined separately after sample methylation with a solution of CH 2 N 2 in diethyl ether. The concentrations of acids 3, 6, and 7, as well as compounds 2 and 4 were determined relative to the concentration of betulin (1) by GC/MS. NMR spectroscopic analysis was used as the second method of complex chemical resolution of extractives.
1 H NMR spectra of crude CHCl 3 extracts revealed the presence of aromatic protons and a proton near a trans-double bond (J = 15.9 Hz), which were concurrent with signals for authentic transcaffeic acid. This suggested the presence of caffeic acid esters in the extracts. The caffeic acid ester was separated and purified by column chromatography on silica gel and identified as betulin 3-caffeate (5) [19] . Neither betulin 3-caffeate (5) nor its TMS derivative was volatile. Therefore, the concentration in the extracts could not be determined using either the GC or GC/MS technique. Using HPLC was necessary to resolve this component analytically. The concentration of 5 was determined in the extracts by HPLC using an absolute calibration method. The conditions used were adequate for a baseline separation of caffeate (5). The calibration curve was prepared with caffeate (5) isolated and purified from the same bark. The resulting curve was linear in the concentration interval used (r 2 = 1).
The average concentration of betulin (1) (29)-enes and the olean-12-enes. Quantitative analysis revealed that the concentration of extractable acids 3, 6, 7 in the outer bark of the Alaskan paper birch is about 2.5 times higher than European paper birch and B. papyrifera. The concentration of extractable betulin 3-caffeate (5) in the bark is about 6.5 times higher for North American paper birches than that previously reported for the European paper birch. These results, as well as previously reported UV-protective properties of caffeate esters [20] , supported the possible use of North American birch bark extractives as a sun-block ingredient for cosmetics.
A time-consuming, low-yield, and impractical column chromatographic separation of caffeate (5) from outer birch bark extract encouraged us to develop a synthesis of caffeate (5). It was logical to use betulin (1), which is readily available from outer birch bark [12, 21] , for betulin 3-caffeate (5) synthesis. All efforts to synthesize caffeate through one-pot esterification of caffeic acid and betulin 28-acetate [22] with SOCl 2 in dioxane, reported by Lee et al. [23] and Nagaoka et al. [24] , led to the formation of elimination products near the C3-atom. Similar behavior at the C3-position was reported when epimerization of the hydroxyl group at position three of betulin failed [25] . The Mitsunobu reaction of betulin with benzoic acid yielded 2,3-olefins (3-deoxy-2,3-dehydrobetulin and 3-deoxy-2,3-dehydrobetulin 28-benzoate) as the only products of the reaction [25] . Considering such behavior at the C3-position of betulin, we focused our efforts on constructing a double bond of caffeate through the Wittig reaction (Scheme 1) [26] . Betulin was converted to dibromoacetate (8) [27] , which after selective alcoholysis [28] with Al(Oi-Pr) 3 , yielded bromoacetate (9), which was converted to its corresponding phosphonium salt (10) . This was then reacted with 3,4-dihydroxybenzaldehyde to give caffeate (5). Synthesis of compounds 5, 8-10 could be carried out on a multigram scale and only purification of caffeate, which is obtained in the last chemical step, required using silica gel column chromatography.
Bark extracts from two different species of birch were compared to determine their ability to inhibit malignant cell growth. In addition, the effects of compounds 1-7 were examined. Initially, the ability of these extracts and purified triterpenoids 1-7 to inhibit the proliferation of P19 murine embryonal carcinoma cells was measured using sulforhodamine other triterpenes that were found in the outer birch bark. Consequently, additional studies were limited to acid 3 and caffeate (5). It was found that caffeate is at least 3 times as potent as acid 3 and the two extracts (B. papyrifera and B. neoalaskana) in suppressing P19 embryonal carcinoma cell growth, with an IC 50 of 4.6 μg/mL (Figure 1 ). The effectiveness of acid 3 and the extracts were essentially identical, with IC 50 values of 10.5 μg/mL. To begin to examine whether or not the responses of P19 cells to the extracts and purified triterpenoids are common to malignant cells in general, cultures of NT2/D1 embryonal carcinoma cells, K1735-M2 melanoma cells, PC-3 prostate cancer cells, and
CaOV3 ovarian carcinoma cells were incubated in 10 μg/mL of either extract, acid 3, or caffeate 5 for three days, and their proliferation measured using SRB assays. As a non-malignant control cell line, BJ normal foreskin fibroblasts were also included. The results of these experiments indicate that although the growth of P19, NT2/D1 and K1735-M2 cells is effectively inhibited by caffeate, PC-3, CaOV3, and BJ cells are relatively resistant to these compounds ( Figure 2 ). Furthermore, among the sensitive cell lines, caffeate was the most effective in suppressing cell growth and betulin 3-caffeate (5). All cultures were treated with 10 μg/mL compound for 3 days. This graph shows the average of three independent experiments; like the P19 cells, caffeate is significantly more effective than either betulinic acid or B. papyrifera extract on NT2/D1 and K1735-M2 cells (asterisks, Student's t-test, p<0.05; error bars omitted for clarity).
Betulinic acid was first identified as having significant activity against melanoma, while being non-toxic at doses up to 100 mg/kg body weight [29, 30] . Subsequent studies also demonstrated activity against other types of malignancies, including leukemias, brain tumors, neuroblastoma, lung and colorectal cancers, glioma, and prostate, ovarian, and lung cancers [31] . However, some cell lines are refractory to acid 3-induced apoptosis including Burkitt's lymphoma-derived cell lines [32] . In general, the best targets for acid 3 appear to be tumors of neuroectodermal origin [29, 30] . Our results indicate that caffeate 5 is more active than acid 3 in suppressing embryonal carcinoma and melanoma cell growth in vitro. It is particularly interesting that the two cell lines that exhibited the greatest sensitivity to caffeate (P19 and NT2/D1) are multipotent cells with stem cell characteristics. The heightened sensitivity of these cell lines to caffeate raises the possibility that this triterpenoid may be of use against cancers of stem cell origin. At the same time, it is unclear whether caffeate will be useful as a potential chemotherapeutic agent for certain other types of cancers. Acid 5 has been reported to be non-toxic for cultures of normal, untransformed cells [31d] and our results support both this observation and suggest that caffeate is also relatively non-toxic to non-cancerous cells, as well.
In conclusion GC, GC/MS, 1 H NMR, and HPLC techniques, applied to crude extracts of outer bark of B. papyrifera and B. neoalsakana from North America, resulted in qualitative and quantitative characterization of birch bark extracts. Extraction with CHCl 3 allowed most of the triterpenoids to be extracted while avoiding unnecessary contamination of extracts with glycosides, tannins, and other very polar components, which may be extracted with alcohol. The synthesis of betulin 3-caffeate was developed from abundant betulin and carried out on a multigram scale. Outer birch bark extracts and their major components were compared for their ability to inhibit malignant cell growth. It was shown that caffeate is the most active extract component in suppressing cell growth.
Experimental
General: NMR spectra were recorded at 300 MHz ( 1 H NMR) and 75 MHz ( 13 C NMR). Chemical shifts are reported in parts per million (ppm); 1 H chemical shifts are referenced to TMS as internal standard. 13 C NMR chemical shifts are referenced relative to CDCl 3 at δ 77.00. IR spectra were measured on a Mattson Genesis II FT-IR machine Materials: All commercial reagents were ACS reagent grade and used without further purification. Betulin (1), lupeol (2), and betulinic acid (3) were obtained in our laboratory by patented technology [21] . Oleanolic acid was purchased from MP Biomedicals, Inc. Belulinic aldehyde (4) [17] and oleanolic acid 3-acetate (7) [34] were synthesized according to published procedure. The pelletized outer birch bark of B. papyrifera was provided by NaturNorth Technologies LLC. The outer bark of B. neoalaskana was collected from the Fairbanks area of Alaska. Botanical identification was kindly provided by Dr Edmond C. Packee, Professor of Forest Management, University of Alaska Fairbanks. Cell lines used included P19 cells, which are murine embryonal carcinoma cells that were established from ectopic implantation of inner mass cells, and can give rise to lineages of all three germ layers upon induction of differentiation [35] ; NT2/D1, which is a human cell line that was obtained from a metastatic testicular germ cell tumor and can differentiate into neurons after exposure to retinoic acid [36] 
3β-Caffeyloxylup-20(29)-en-28-ol
(5) Semisynthetic: 3,4-Dihydroxybenzaldehyde (0.25 g, 1.82 mmol) was added to a solution of the bromide of 10 (1.5 g, 1.82 mmol) in freshly distilled dry dioxane (12 mL) and CHCl 3 (12 mL). Then KHCO 3 (0.9 g, 9 mmol) was added to the solution and the reaction mixture was stirred for 24 hrs at 60 o C. The solution was filtered and the solvent was evaporated at 50 o C. The residue was dissolved in diethyl ether (35 mL) and a saturated solution of NaHSO 3 in water was added and stirred for 1 hr at room temperature. The organic layer was separated, washed with water (2 times), and dried over Na 2 SO 4 . The residue, after ether evaporation, was purified by column chromatography on silica gel using a mixture of diethyl ether/hexanes (1/4) as an eluting solvent. When the eluting solvent was changed to diethyl ether/hexanes (1/1) the caffeate (5) (0.370 g, 33.6%) was obtained. Literature spectroscopic data [19] are in agreement with ours for betulin 3-caffeate (5). Natural: CHCl 3 extract of outer birch bark (100 g) was dissolved in tetrahydrofuran (1 L). Aluminum isopropoxide (10 g, 49 mmol) was added at room temperature and stirred for 2 hrs. Water (1.7 g, 94.4 mmol) was then added. The precipitate was filtered and washed with tetrahydrofuran (200 mL) and dried. The precipitate was washed with a 10% solution of AcOH in water, and extracted with a 1% solution of AcOH in isopropyl alcohol (300 mL). Combined extracts were evaporated and purified by flash chromatography on silica gel using diethyl ether as the eluent. The combined fractions were evaporated and purified by column chromatography on silica gel (eluent was diethyl ether/hexanes = 2/1). Fractions with betulin 3-caffeate (5) were combined and the solvent was evaporated to give 1.2 g (1.2%) of 5.
Cell proliferation measurements: Sulforhodamine B assays [37] were conducted to measure the effects of compounds and extractives of interest on the proliferation of a number of different cancer cell lines. Cells were seeded in 24-well plates (P19-0.5 x 10 4 cells/mL; NT2/D1, M2, PC-3, CaOV3 and BJ-1 x 10 4 cells/mL) and allowed to recover for 1 day prior to drug addition. Test compounds were prepared in most instances as stock solutions in dimethylsulfoxide (DMSO). Compounds were then added to multiwell plates at final concentrations of 0 -20 μg/mL. Control wells only received an equivalent amount of vehicle (DMSO). After 2 or 3 days of incubation, the culture medium was decanted from each plate, and the cells fixed with cold (-10˚C) absolute methanol containing 1% acetic acid for at least 30 minutes. Subsequently, the methanol was decanted, and the plate again air-dried. Sulforhodamine B (0.5% in 1% acetic acid) was added to each well, and the plate incubated at 35˚C for 1 hour. Plates were rinsed with 1% acetic acid, air-dried, and the bound dye eluted with 1 mL of 10 mM Tris buffer, pH 10. The absorbance was measured in a spectrophotometer at 540 nm; the amount of dye released is proportional to the number of cells present in the dish, and is a reliable indicator of cell proliferation.
Supplementary data:
Calibration curve for concentration determination of betulin (1) using GC method, Calibration curve for concentration determination of betulin 3-caffeate (5) using HPLC method, GC/MS chromatogram of CHCl 3 extract of outer bark of Betula papyrifera (Figure 3) , GC/MS chromatogram of CHCl 3 extract of outer bark of Betula neolaskana, 13 C NMR spectrum of 8, 1 H NMR spectrum of 8, 1 H NMR spectrum of 9, 13 C NMR spectrum of 9, 1 H NMR spectrum of 10 and 13 C NMR spectrum of 10.
